Many of the clinical features of congestive heart failure are determined by the abnormal accumulation of water in the extracellular space, an event largely dependent upon the abnormal renal retention of sodium. Although there is a lack of knowledge of the exact mechanism responsible for this abnormality in renal excretion, it is well known that agents that enhance the excretion of sodium are valuable in the treatment of heart failure.
The normal kidney plays an important part in preventing the sodium depletion of body fluids and maintaining the normal range of pH of the blood. This is accomplished by the tubular reabsorption of almost all the sodium which is filtered through the glomerulus and the conversion of the alkaline glomerular filtrate into an acid urine (1) . The enzyme, carbonic anhydrase, found to be present in the renal cortex as well as other tissues such as gastric mucosa and erythrocytes of mammals (2) , is regarded as an important element in the mechanism for the acidification of the urine (3) and the reabsorption of sodium. The inhibition of carbonic anhydrase and the prevention of the formation of an acid urine may serve as a method for reducing the abnormal sodium retention which is a feature of congestive heart failure.
Following the observation that sulfanilamide induced acidosis (4) with an alkaline urine (5) and an increased excretion of sodium and potassium (6, 7) and the demonstration that sulfonamide compounds were specific carbonic anhydrase inhibitors (8) , Hober suggested that the alkalinization of the urine was due to the inhibition of carbonic anhydrase in the renal tubules (9) . Subsequently, Pitts and Alexander showed that sulfanilamide reduced the capacity of the kidney to eliminate acid under maximal stimulation by a phosphate buffer load (3) . 1 Fellow of the Dazian Foundation.
Schwartz administered sulfanilamide to three patients with congestive heart failure and observed an increase in sodium, potassium, and water excretion (10) . However, this drug was regarded as possessing too low an order of carbonic anhydrase inhibitor activity and as being too toxic for continued use.
Recently a series of more active carbonic anhydrase inhibitors of the sulfonamide group has been developed (11) . One of these, the heterocyclic sulfonamide, 6063 (2-acetylamino-1,3,4-thiadiazole-5-sulfonamide), is a carbonic anhydrase inhibitor which is 50 to 400 times more effective than sulfanilamide and nontoxic in effective doses (12) . Studies in dogs (13) and a preliminary report of studies in human beings (14) have indicated that this compound markedly increases sodium, potassium, and bicarbonate excretion. This is a report of the study of the urinary excretion of water and electrolytes and of the blood electrolyte pattern following the administration of,9Q63 2 to hospitalized patients with and without congestive heart failure.
MATERIAL AND METHODS
The character of the clinical material is presented in Table I . Of the fifteen subj ects, there were ten men and five women whose ages ranged from twenty-three to eighty-three years. Three of the subjects had no evidence of cardiovascular or renal disease and were used as controls. The remaining twelve were patients with congestive heart failure of varied etiology as listed in Table I . These patients had dyspnea on exertion, orthopnea, a prolonged circulation time and an increased venous pressure. All the cardiac patients had been treated in the previous few weeks and had little or no clinical evidence of edema at the time 6063 was administered. The one exception was patient J. K., who presented moderate edema of the lower extremities. Two of the control and four of the cardiac subjects were on 2 Supplied through the courtesy of Dr. J. M. Ruegsegger of Lederle Laboratories. The urine from all the women and three of the men was obtained through an indwelling catheter; the other male subjects voided directly into a container from the standing position. Massage over the suprapubic region was carried out at the end of each collection period to promote emptying of the bladder. In the seven patients in whom the carbon dioxide content of the urine was determined the specimen was passed directly into a vessel containing mineral oil and analyzed promptly. Blood specimens were obtained from a vein and heparin was used as an anticoagulant. The blood specimens for pH and carbon dioxide content were obtained by venipuncture without stasis and drawn into a greased syringe containing heparin and sodium fluoride to prevent glycolysis.
Plasma and urine sodium and potassium determinations were performed on a Janke flame photometer with lithium as an internal standard. Chlorides were determined by the method of Schales and Schales (15) , creatinine by the method of Bonsnes and Taussky (16) , and phosphorus by the method of Fiske and Subbarow (17) . Titratable acidity was titrated with 0.1 N sodium hydroxide, phenol red being used as the indicator. Ammonia content of the urine was obtained by the aeration method of Van Slyke and Cullen (18) as modified by Summerson (19) . The pH of the blood was determined at room temperature with a glass electrode and a Cambridge pH meter and converted to body temperature by subtracting 0.01 unit for each degree below 380 C. The carbon dioxide content of blood and urine was determined manometrically by the method of Van Slyke and Neill (20) . The bicarbonate content was calculated by the Henderson-Hasselbalch equation with 6.10 as the pK for both blood and urine.
RESULTS
Effect on urinary flow and body weight (Table I) The urinary flow increased in each case and there was a consistent loss of body weight varying from 0.5 to 2.7 Kg. within twenty-four hours after the administration of the drug. The patients used were almost all free of edema as a result of previous therapy. Since 6063 was being used primarily as a physiological tool to investigate renal behavior in heart failure and not to demonstrate its efficacy as a diuretic, it did not appear important to choose subjects with considerable edema. These facts must be considered in evaluating the relatively moderate increase in urinary flow and loss of weight.
Acid-base factors (Figure 1)
Following the administration of 6063 the urine invariably became alkaline in thirty minutes and remained so for the duration of the observation period of about six hours. The highest urinary pH appeared after one to two hours, generally reaching a slightly higher level than that of plasma and varying between 7.40 and 7.70. Titratable acidity rapidly disappeared. The excretion of urinary ammonia was markedly diminished in all cases, but the ammonia continued to be present even when the urine was more alkaline than plasma. Control specimens of urine were acid except in one patient, S. R., who was on a rice diet, and whose control urine had a pH of 7.04. In the control urines the bicarbonate excretion rate was low, ranging from 0. 
Effect on urinary electrolytes
The effect of intravenous 6063 on the individual major electrolytes in the urine is represented in Figure 2 . These are the findings in S. S., a patient with congestive heart failure, who had been on a 500 mg. dietary intake of sodium. It is apparent that as the urinary flow increased there was marked increase in quantity as well as an increase in concentration of sodium, potassium, and bicarbonate, whereas chloride and phosphate excretion increased only slightly and less than the increase in flow.
The sodium excretion increased markedly in every instance, independently of the presence or absence of congestive heart failure. In the two control subjects receiving 5.0 to 7.0 grams of so- dium daily, the sodium excretion increased to peak levels of between four and six times the control values. In absolute terms this represented an increase of 231 and 453 microequivalents of sodium per minute, respectively. In the normal subject receiving 500 mg. of sodium daily there was a tenfold increase in the rate of sodium excretion, but the absolute increase was only 161 microequivalents per minute. In the patients with congestive heart failure, the increment in sodium excretion appeared to be related to the sodium intake, being greater in those patients who were previously on a more liberal sodium diet. When the sodium was limited to 200 or 500 mg. daily, the absolute increase in sodium excretion varied from 7.2 to 273 microequivalents per minute. The differences between the increments of sodium excretion could not be correlated with any differences in the degree or type of heart failure or with any difference in responsiveness to therapy. There were insufficient data to determine whether there was a significant difference in the increments of sodium excretion between the control and cardiac groups of patients.
The potassium excretion, like that of sodium, increased in all cases after the intravenous administration of 6063. In general the degree of increase in potassium excretion did not vary as much as the increase in sodium excretion. The increment in potassium excretion bore no constant relationship to the increase in sodium excretion. Chloride excretion was invariably augmented, but the absolute increase was quite small compared with that noted for sodium, potassium, and bicarbonate. Unlike the concentration of the latter electrolytes, that of urinary chloride was less following 6063 than preceding the administration of the drug. The absolute increase in chloride excretion appeared to be related, to the increased urinary flow. The excretion of phosphates was increased consistently to the same or to a slightly higher degree than that of chloride.
The effect of 6063 upon the electrolyte spectrum of the urine and the change in total electrolyte excretion is represented schematically in Figure 3. The numbers denote the total excretion of electrolytes, in milliequivalents, for three hour periods before and after the intravenous administration of the drug. There are readily apparent absolute increases in potassium, sodium, and' bicarbonate with relatively small increases in phosphate and chloride. In the case depicted, the single intravenous injection of 6063 increased the total excretion of base for a three-hour period by 45 milliequivalents.
Comparison of the effect of 6063 with that of a mercurial diuretic on urinary electrolytes The difference between the pattern of urinary electrolytes after a mercurial diuretic and that after 6063 is indicated by the following representative observations on two patients, one of whom received an intravenous injection of 2 cc. of mercuhydrin and the other a single intravenous injection of 750 mg. of 6063. Both patients were essentially similar in respect to the type and severity of congestive heart failure and an almost identical diuresis and weight loss were observed in each. After the administration of 6063, the urinary flow rose from 0.6 to 9.2 cc. per minute, whereas after the mercurial the urinary flow increased from 0.2 to 11.4 cc. per minute. Both the onset and peak of action occurred earlier after 6063 than after the mercurial. Peak excretion rates of 275 microequivalents per minute for sodium and 59.6 microequivalents per minute for chloride were observed after the administration of 6063; maximum excretion rates after mercurial were 1,037 microequivalents per minute for sodium and 1,058 microequivalents per minute for chloride. Bicarbonate increased markedly after 6063, slightly after the mercurial.
Plasma electrolyte pattern
Reference has already been made to the observation that the relatively small effective single intravenous dose of 6063 administered' in these experiments produced a slight and inconstant tendency towards acidosis as indicated by a reduction in the blood bicarbonate level and blood pH. No significant effect was noted on the plasma concentrations of sodium, potassium, chloride, phosphate, or creatinine.
Toxicity
No toxic effects were observed. The slight chemical acidosis that occurred in some subjects was not accompanied by any clinical symptoms.
DISCUSSION
The observations described above of the effect of the carbonic anhydrase inhibitor, 6063, on electrolyte excretion support the concept of Pitts and Alexander (3) that the enzyme, carbonic anhydrase, in the renal tubules plays an important part in the acidification of the urine and the conservation of base. According to this theory, carbonic anhydrase accelerates the hydration of carbon dioxide to carbonic acid in the tubule cells and this acid, in turn, provides hydrogen ions which are exchanged for sodium ions in the tubular urine (Figure 4) . The hydrogen ions combine with bicarbonate ions in the tubular lumen to form carbonic acid. This breaks down to provide carbon dioxide, which diffuses freely across the tubular membrane and into the tubular cell. The exchange of hydrogen for sodium ions converts the urinary alkaline phosphate to the acid form. The net result is the reabsorption of sodium and bicarbonate and the addition of hydrogen ions to the tubular urine. This process has generally been regarded as limited to the distal tubules (3), which are said to receive approximately the 15 per cent of glomerular filtrate not already reabsorbed in the proximal tubules (21) . When, as in these experiments, the carbonic anhydrase was inhibited by 6063, both the sodium and the bicarbonate, which would have been reabsorbed if hydrogen ion were secreted, were now excreted and the urine remained alkaline.
It is of interest that the inhibition of carbonic anhydrase augments the excretion of sodium even from the kidney of a person in heart failure, despite the known tendency in such a kidney to increased reabsorption of sodium. The increment Sodium from the tubular urine is exchanged for this hydrogen, ion. In the lumen this hydrogen ion combines with bicarbonate to form carbonic acid and subsequently H20 and CO2. The CO, diffuses back into the tubule cell.
in sodium excretion following 6063 is limited to that portion of filtered sodium which depends on the secretion of hydrogen for its reabsorption. There were insufficient data to indicate whether the inhibition of sodium reabsorption in subjects with heart failure was significantly more or less than in control subjects. Furthermore, this study provides no data to show whether the severity of edema present in a cardiac patient modifies the effect of 6063 on sodium excretion. The degree of increase in sodium excretion due to carbonic anhydrase inhibition appeared to be significantly influenced by the previous dietary intake of sodium. This relationship existed whether or not congestive heart failure was present. These observations suggest that variations in the dietary intake of sodium influence the quantity of sodium excretion related to urine acidification either by altering sodium concentration in the tubular cell or by some other mechanism. The effect of carbonic anhydrase inhibition on sodium excretion appears to be limited or modified by some such mechanism.
The interpretation of the increase in potassium excretion following 6063 is hampered by uncertainty as to the occurrence and quantity of tubular reabsorption or secretion of this ion in the distal tubule under normal circumstances. Studies of potassium excretion following the administration of 6063 to normal dogs (13) indicated that increased potassium excretion after this drug was due to increased tubular secretion of potassium. Berliner, Kennedy, and Orloff (13) suggested that there was competition between hydrogen and potassium for secretion by the tubular cells; inhibition of hydrogen secretion by the carbonic anhydrase inhibitor, 6063, permitted the increased secretion of potassium. The increased potassium secretion following 6063 in our human subjects is compatible with this concept of hydrogenpotassium competition.
It is apparent that the increased bicarbonate excretion accounted for almost all of the increase in anions excreted. Furthermore, it may be postulated' that the inhibition of carbonic anhydrase and the consequent prevention of hydrogen ion secretion have their major effects upon the bicarbonate ion in the tubular urine, for unless it reacts with the hydrogen ion the bicarbonate is not reabsorbed. The sodium concentration in glomerular filtrate greatly exceeds bicarbonate concentration, while in the urine excreted after 6063 the bicarbonate concentration was relatively higher. If the mechanism involved were simply inhibition of the exchange of hydrogen ion for sodium ion, one would expect the rise in excretion rates for sodium and bicarbonate to approximate each other. In this series of cases the rise in bicarbonate excretion exceeded that of sodium in five cases. This might be explained by a simultaneous inhibition of hydrogen-potassium exchange or, as has been suggested by Berliner and his co-workers (22) , an exchange between sodium and potassium may take place under appropriate circumstances, with sodium being reabsorbed and potassium excreted.
We have no evidence to indicate whether the slight increases in chloride and phosphate excretion were direct consequences of the inhibition of carbonic anhydrase activity. It may be that the increase in total electrolyte excretion resulted in an increased rate of flow and this in turn caused a slight increase in the excretion of chloride (23) . There are considerable experimental data to indicate that a simple osmotic diuresis will not increase phosphate excretion (23, 24) . But studies on a group of patients similar to the subjects presented in this paper and under similar conditions of hydration showed.a slight but consistent rise in phosphorus excretion during a urea diuresis (25) . Since acidosis is associated with an increased phosphate excretion (26) (27) (28) , it may be considered, as a possible cause of the increment in phosphate excretion after 6063. However, the degree of acidosis following the latter drug was usually slight.
Although ordinarily acidosis greatly increases the ammonia excretion for any given urinary pH, ammonia production following 6063 was greatly diminished despite the presence of acidosis. As has been previously suggested by animal experiments by Ferguson (29) and by ammonium chloride experiments by Pitts (30) , the results presented in this paper support the theory that the presence of hydrogen ions in the tubular urine is of considerably more importance in stimulating the excretion of ammonia by the kidney than acidosis of the blood. The extreme reduction in ammonia excretion following 6063 appears to be due to the inhibition of tubular secretion by hydrogen ion and consequent reduction in hydrogen ion concentration in the urine. However, ammonia excretion did not completely cease. This may indicate either that tubular secretion of hydrogen was incompletely inhibited or that the hydrogen ions necessary for ammonia excretion were made available by the buffer acids, carbonic acid or acid phosphate, in the alkaline tubular urine.
It is of interest to note that while both the mercurial and 6063 produced a sodium diuresis, after the former the urine usually contains a relative excess of chloride over sodium (31) , whereas after the latter it contains a relative excess of bicarbonate and sodium over chloride. If the toxic effect of the mercurial on the tubule impairs tubular reabsorption of all electrolytes including sodium, chloride and bicarbonate, then most of the bicarbonate and some of the sodium may be reabsorbed subsequently by the acidifying mechanism. The chloride is not reabsorbed in the process of acidification of the urine and, therefore, is excreted in excess of sodium and bicarbonate. After 6063, only the electrolytes believed to be involved in the acidification are excreted in significantly larger amounts. There is only a slight indirect effect upon chloride excretion, a moderate increase in sodium excretion, and a maximal increase in bicarbonate excretion. Consequently there is an excess of bicarbonate excretion with acidosis after 6063 and an excess of chloride over sodium excretion with alkalosis after a mercurial.
SUMMARY AND CONCLUSIONS 1. The specific carbonic anhydrase inhibitor 6063 prevented acidification of the urine by the normal human kidney and the kidneys of patients with heart failure.
2. Bicarbonate, sodium, and potassium excretion were markedly increased whereas chloride and phosphate excretion were increased only slightly and ammonia excretion diminished.
3. The absolute increment in sodium excretion in these studies appeared to be related to the sodium intake in the days prior to the experiments and slightly if at all to the presence or absence of heart failure in these cases. 4 . Moderate increases in the excretion of water and moderate weight loss in twenty-four hours occurred despite the fact that the cardiac patients had become free of edema previously or were refractory to mercurial diuretics.
5. There was slight acidosis but no significant change in the plasma concentration of sodium and potassium following a single intravenous injection of 6063. However, an intravenous injection of 6063 following two days of oral 6063 led to blood bicarbonate values in the range of 15 milliequivalents per liter. Despite this acidosis there was a marked excretion of sodium and bicarbonate, and the urine was alkaline.
6. The possible mechanism by which the carbonic anhydrase inhibitor, 6063, produced the observed electrolyte changes was discussed. It was postulated that bicarbonate reabsorption in the distal tubule depended upon hydrogen ion secretion, whereas reabsorption of the corresponding sodium ions could be accomplished by either hydrogen ion or potassium ion secretion.
